Antagonists of the corticotropin-releasing hormone receptor type 1 (CRH-R1) are regarded as promising tools for the treatment of stress-related psychiatric disorders. Owing to the intricate relationship between CRH and serotonin (5-HT), we studied the effects of chronic oral treatment of C57Bl6/N mice with the CRH-R1 antagonist NBI 30775 (formerly known as R121919) on hippocampal serotonergic neurotransmission during basal (on 15th day of treatment) and stress (forced swimming; on 16th day of treatment) conditions by in vivo microdialysis. Given the important role of CRH in the regulation of hypothalamic-pituitary-adrenocortical (HPA) axis activity and behavior, the effects of NBI 30775 on dialysate-free corticosterone levels, and on home cage and forced swimmingrelated behavior were also assessed. Chronic administration of NBI 30775 (18.4 7 0.9 mg/kg/day) did not result in alterations in food consumption and body weight. NBI 30775 caused complex changes in hippocampal serotonergic neurotransmission. Whereas no effects on the diurnal rhythms of 5-HT and its metabolite 5-hydroxyindoleacetic acid were found, the responses of the neurotransmitter and its metabolite to 10 min of forced swim stress were reduced and prolonged, respectively. NBI 30775 did not change free corticosterone levels over the diurnal rhythm. Moreover, NBI 30775-treated mice showed a similar forced swim stress-induced increase in corticosterone as observed in the control group. No effects of NBI 30775 on home cage, and swim stress-related active behaviors (climbing, swimming) and immobility were found. Thus, whereas chronic antagonism of CRH-R1 did not compromise HPA axis performance and behavior, distinct changes in serotonergic neurotransmission developed. Owing to the important role of 5-HT in the pathophysiology of mood and anxiety disorders, the latter observation may contribute to the therapeutical efficacy of CRH-R1 antagonists in these illnesses.
INTRODUCTION
In the majority of severely depressed patients, hyperactivity or dysregulation of the hypothalamic-pituitary-adrenocortical (HPA) axis can be assessed by baseline measurements and neuroendocrine function tests. Characteristic features not only include hypercortisolemia (Linkowski et al, 1985; Deuschle et al, 1997) and abnormal outcome of several neuroendocrine challenge tests (eg Carroll et al, 1981; Von Bardeleben and Holsboer, 1989) , but also hyperactivity of corticotropin-releasing hormone (CRH) neurons (reviewed in Nemeroff, 1996; Holsboer, 1999; Reul and Holsboer, 2002) . Enhanced levels of CRH in the cerebrospinal fluid (Nemeroff et al, 1984) , decreased numbers of CRH-binding sites in the frontal cortex (Nemeroff et al, 1988) , an increased number of CRH-expressing neurons in the hypothalamic paraventricular nucleus (Raadsheer et al, 1994) , and an elevated level of CRH mRNA expression in this nucleus (Raadsheer et al, 1995) have been reported in depressed patients. Based on the key role of CRH in fear and anxiety and in the regulation of sympathetic drive (for references see Owens and Nemeroff, 1991) , it is thought that hyperactivity of this neuropeptide system is also involved in the behavioral and autonomic changes observed in depression and anxiety.
Historically and psychopharmacologically, the monoamine hypothesis of depression has drawn the most attention during the past decades. Generally, it is now thought that in depression both serotonergic and norepinephrine neurotransmission are disturbed (for references see Maes and Meltzer, 1995; Ressler and Nemeroff, 2000) . As serotonin (5-HT) as well as norepinephrine modulate responses to stress, the imbalance between these two neurotransmitters may have pronounced consequences for the performance of neural circuits engaged in behavioral, neuroendocrine, and autonomic aspects of the stress response. Some years ago, we have shown that chronic elevation of brain CRH causes a decreased responsiveness of hippocampal 5-HT to stress in rats (Linthorst et al, 1997) . Moreover, life-long deficiency of CRH receptor type 1 (CRH-R1) in mutant mice results in an altered adjustment of the 5-HT system under basal and stress conditions . These observations suggest that long-term alterations at the level of the CRH system have marked consequences for serotonergic neurotransmission. Interactions between CRH and 5-HT are also underscored by the observation that acute intracerebroventricular (i.c.v.) administration of CRH (and its congener urocortin (Ucn)) increases rat hippocampal levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) (Linthorst et al, 2002) , whereas bimodal, dose-dependent effects were observed in the striatum and lateral septum (Price et al, 1998; Price and Lucki, 2001) . Electrophysiological studies have shown that CRH regulates the firing rate of 5-HT neurons in the dorsal raphe nucleus (Kirby et al, 2000; Lowry et al, 2000) . Interactions between CRH (and CRH-R) and 5-HT are also confirmed at the neuroanatomical level (Sakanaka et al, 1987; Swanson et al, 1983; Chalmers et al, 1995; Kirby et al, 2000; Bittencourt and Sawchenko, 2000; Lowry et al, 2000; Van Pett et al, 2000; Valentino et al, 2001) .
Given the bidirectional interactions between the CRH system and serotonin and their relevance for the etiology of affective disorders, we now aimed to demonstrate, using in vivo microdialysis in mice, the effects of chronic oral administration of the CRH-R1 antagonist NBI 30775 on serotonergic neurotransmission in the hippocampus; a limbic brain region intricately involved in behavioral and neuroendocrine responses to stress. Moreover, because of the role of CRH-R1 in the regulation of the HPA axis we also studied the effects of NBI 30775 on free corticosterone levels in dialysates under basal and forced swim stress conditions. This study focuses on the effects of chronic administration of NBI 30775 for two reasons. First, CRH-R1 antagonists are now extensively discussed as new therapeutical agents in the treatment of depression and anxiety. In various animal models, nonpeptidergic CRH-R1 antagonists, such as CP-154,526, antalarmin, SSR125543A, and NBI 30775, indeed demonstrate antidepressant and anxiolytic properties after acute or chronic administration (Deak et al, 1999; Lundkvist et al, 1996; Schulz et al, 1996; Griebel et al, 1998 Griebel et al, , 2002 Arborelius et al, 2000; Millan et al, 2001; Heinrichs et al, 2002; Gutman et al, 2003) . Importantly, a first study in 20 depressed patients showed the therapeutical potential of the CRH-R1 antagonist NBI 30775 (Zobel et al, 2000; NBI 30775 is referred to as R121919 in this study). Second, based on our observations regarding hippocampal serotonergic neurotransmission and HPA axis regulation in life-long CRH-R1-deficient mice , we planned to compare the consequences of chronic pharmacological antagonism of CRH-R1 (this study) with those resulting from a genetical manipulation of the receptor.
METHODS AND MATERIALS

Animals
Male C57Bl/6N mice aged 12-16 weeks were purchased from Charles River (Sulzfeld, Germany). Upon arrival, mice were housed individually in polycarbonate cages (Type 2) under standard housing conditions (lights on between 0600 and 1800; temperature 22-231C; relative humidity 40-60%) and with food pellets and water available ad libitum. At 2 weeks after arrival, the mice were housed in special plexiglass cages (l Â w Â h ¼ 25 Â 15 Â 35 cm) in the experimental room and were adapted to a liquid diet (see below).
The experimental protocols were approved by the Ethical Committee on Animal Care and Use of the Government of Bavaria, Germany.
Oral Treatment with NBI 30775
To avoid confounding stress-related effects of repeated systemic injections, NBI 30775 was administered via the food. This strategy has recently successfully been used to demonstrate the effects of putative antidepressant glucocorticoid receptor antagonists on HPA axis activity (Bachmann et al, 2003) . Mice were adapted to eat a liquid diet starting 5 days before surgery. Lieber DeCarli Regular Rodent Liquid Diet Control (#710027; Dyets, Bethlehem, PA, USA) was used at a concentration of 222 mg/ml tap water. The liquid diet was filled into feeding tubes with a scale for the measurement of the consumed volume of food (Dyets, Bethlehem, PA, USA). The liquid diet was prepared fresh every day at around 1600. At this time point, the volume eaten during the previous 24 h was measured. Only on the first day mice were also given a few food pellets in the cage. During the entire experiment, mice had free access to a bottle with tap water. After surgery the feeding with liquid diet continued. Mice tolerated the liquid diet very well; no loss of body weight was observed and the feces had a normal consistency.
At 2 days after the surgery, one group of mice was further given liquid diet (control group), whereas in a second group of animals treatment with the CRH-R1 antagonist NBI 30775 began (NBI 30775 group). NBI 30775 was mixed through the liquid diet in a concentration of 33.3 mg/ml liquid food. This concentration was chosen based on the average volume of liquid diet eaten per day and the intended dose of 20 mg NBI 30775 per kg body weight (see Results). The NBI 30775-containing diet was also prepared fresh every day (1600). Animals were treated with NBI 30775 until the end of the experiment. On the first (diurnal rhythm) and second (forced swim stress) experimental days, mice had received NBI 30775 for 15 and 16 days, CRH-R1 antagonist effects on 5-HT and HPA axis activity A Oshima et al respectively. The intended dose of 20 mg/kg/day was selected based on its anxiolytic effects in rats (Keck et al, 2001; Heinrichs et al, 2002) , and its high displacement efficiency of 125 I-oCRH and 125 I-sauvagine binding to CRH-R1 receptors in the rat brain and pituitary (Keck et al, 2001; Heinrichs et al, 2002) .
Surgery and Microdialysis Procedure
Surgery and microdialysis were largely performed as described before (Linthorst et al, 2000; Peñalva et al, 2002) . Briefly, 17 days before the first experimental day, mice were, under isoflurane anesthesia (Curamed, Karlsruhe, Germany), implanted with a sterile, stainless-steel guide cannula (made from a 22 G injection needle) entering the dorsal site of the hippocampus (coordinates with bregma as reference: lateral 3.2 mm, posterior 2.9 mm, ventral 1.7 mm). In addition, a small peg was adhered to the skull to connect to a dual channel liquid swivel and counterbalancing arm (Instech Laboratories, Plymouth Meeting, PA, USA) during the experiment.
At 15 days after the surgery, a microdialysis probe was implanted into the hippocampus under a light and shortlasting isoflurane anesthesia (CMA/11, CMA/Microdialysis AB, Stockholm, Sweden; membrane: cuprophane, molecular cutoff 6000 Da; outer diameter 0.24 mm, length 3 mm). The microdialysis probe was perfused with physiological Ringer solution at a flow rate of 2 ml/min. Microdialysis samples were collected in a refrigerated microsampler (Univentor, Malta) and were stabilized with ascorbic acid (end concentration in sample 0.10-0.125 mM). Samples were used to measure 5-HT, 5-HIAA, and free corticosterone (see below). For more details, see Linthorst et al (2000) and Peñalva et al (2002) .
Experiments, on four mice simultaneously, were performed on day 2 (first experimental day; diurnal rhythm) and day 3 (second experimental day; forced swim stress) after the insertion of the microdialysis probe.
First experimental day: assessment of the diurnal rhythms of hippocampal serotonergic neurotransmission, free corticosterone, and behavioral activity. At 2 days after insertion of the microdialysis probe (mice were treated with NBI 30775 for 15 days), 30-min samples were collected between 0900 and 2000 followed by the collection of 60-min samples between 2000 and 0900 to monitor the diurnal rhythms of 5-HT, 5-HIAA, and free corticosterone. Microdialysis samples were split for high-pressure liquid chromatography (HPLC) and radioimmunoassay measurements (see below). The behavior of the mice in their home cages was registered on video tape for later scoring (scoring in intervals of 1 min). The video recording equipment in our laboratory did not allow to register behavior during the full 24 h of the light/dark cycle. Based on our earlier work (Linthorst et al, 1999) , behavior was, therefore, monitored during three periods, that is, between 0900 and 1800 during the light phase, and between 1800 and 2300, and 0400 and 0600 during the dark phase. Mice show high levels of behavioral activity during the first half of the dark period, and also increased activity during the last 2 h of the dark phase (Linthorst et al, 1999) .
Second experimental day: responsiveness of hippocampal serotonergic neurotransmission, free corticosterone, and behavior to forced swim stress. To study the effects of long-term treatment with the CRH-R1 antagonist NBI 30775 on the responsiveness of hippocampal serotonergic neurotransmission and the HPA axis, mice were submitted to a forced swim stress paradigm on the third day after the insertion of the microdialysis probe (mice were treated with NBI 30775 for 16 days). Microdialysis samples were either used for HPLC or radioimmunoassay analysis. To assess baseline levels, eight 15-min samples were collected between 0900 and 1100. Then mice were forced to swim for 10 min as described below (1100-1110). Poststress levels were determined until 1510 (sixteen 15-min samples). Behavioral activity in the home cage was registered on video tape during the entire experiment for later scoring (30 s intervals). Moreover, we scored the behavior during the swimming period in detail (see below).
Forced Swim Stress
Mice were forced to swim for 10 min in a glass beaker (diameter 12.5 cm) containing water of 251C. The water depth was 11.5 cm; the mice could not touch the bottom of the glass beaker with their paws or tail. After 10 min, the mice were carefully dried and returned to their home cage. The behavior displayed by the animals during swimming was scored from video tape in intervals of 5 s. Behavior was classified in the following three categories as also described in rats by Lucki and coworkers (Detke et al, 1995) : (1) climbing and struggling: active movements of the forepaws in and out of the water and resulting in an upward movement of the body (mostly directed against the wall of the glass beaker); (2) swimming: active swimming motions more than necessary to keep the head above the water surface (characteristic feature is a fast paddling movement of the hindlimbs); (3) floating: immobile position during which only small movements to keep the head above the water surface were allowed. No diving was observed. The amount of these three behaviors was then expressed as the percentage of the total number of counts.
Measurement of 5-HT, 5-HIAA, and Corticosterone
Dialysates were analyzed for 5-HT and 5-HIAA without prior purification by HPLC combined with electrochemical detection. The chromatography system consisted of a Sunflow 100 isocratic pump (Sunchrom, Friedrichsdorf, Germany), a mobile phase degasser (Sunchrom, Friedrichsdorf, Germany), a Mistral column thermostat (Spark Holland Instruments, Emmen, The Netherlands), a cooled Triathlon autosampler (Spark Holland Instruments, Emmen, The Netherlands), an electrochemical detector (Antec Leyden, Zoeterwoude, The Netherlands), and a Gynkosoft chromatography data system (Dionex, Idstein, Germany). An aliquot of each dialysate was injected (injected volume depended on dialysate sample duration and aliquot used for radioimmunoassay measurements) using the ml-pickupmethod of the autosampler. 5-HT and 5-HIAA were separated on a YMC Pro C18 column (150 Â 3.0 mm; particle size 3 mm; YMC Europe GmbH, Schermbeck, Germany). The flow rate of the pump and the temperature CRH-R1 antagonist effects on 5-HT and HPA axis activity A Oshima et al of the column thermostat were set at 400 ml/min and 301C, respectively. The mobile phase consisted of 20% methanol, 75 mM sodium phosphate (NaH 2 PO 4 ), 0.2 mM sodium octyl sulfate and 0.1 mM EDTA (pH 4.6). 5-HT and 5-HIAA were quantified by electrochemical detection, with the detector potential set at 550 mV against an Ag/AgCl reference electrode. A standard curve generated by the measurement of four reference standards was used to calculate the amounts of 5-HT and 5-HIAA per injection. Using these values the amount of 5-HT and 5-HIAA per dialysate sample was calculated. The detection limit for both 5-HT and 5-HIAA at a signal-to-noise ratio of 3 was 0.5 fmol per injection.
A radioimmunoassay (ICN Biomedicals, Costa Mesa, CA, USA) was used to measure corticosterone in dialysates (detection limit 0.001 mg/100 ml) as described previously (Linthorst et al, 1994 (Linthorst et al, , 1995 .
Histology
The mice were killed, after completion of experimental day 2, by an overdose of pentobarbital. Brains were stored in a 4% formalin solution. The neuroanatomical localization of the microdialysis probe was histologically verified as described before (Linthorst et al, 1995) . Only data from mice with correctly placed microdialysis probes were included in the analyses.
Materials
NBI 30775 was a gift from Janssen Pharmaceutica (Beerse, Belgium). All other chemicals used (analytical or HPLC grade) were purchased from Merck (Darmstadt, Germany) or Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
Statistics
Data are expressed as mean 7 SEM. Owing to the different sample durationsF30 and 60 min for the diurnal rhythm, and 15 and 10 min for the swim experimentF5-HT and 5-HIAA levels were expressed as fmol/min.
To estimate the effects of treatment (between-subject factor) and time (within-subject factor) on 5-HT, 5-HIAA, free corticosterone, and behavioral activity over the diurnal rhythm, analyses of variance (ANOVAs) were performed. All data used in the ANOVAs were natural logarithmictransformed (or in the case of behavioral activity, arcsinetransformed) before to approach the criteria of homogeneity and normality. To reduce the number of tests and therewith the probability of type 1 errors, the number of levels of the factor time was decreased by averaging values over 3-h periods (resulting in eight levels). A similar procedure has been published for the analysis of mouse and rat microdialysis data by our group before Linthorst et al, 2002) . To analyze the effects of forced swimming on hippocampal 5-HT and 5-HIAA, levels were expressed as percentage of baseline (baseline is defined as the average level of 5-HT and 5-HIAA in samples during which the animal was p10% of the sample duration behaviorally active; see also Peñalva et al, 2002) . The effects of swim stress on 5-HT, 5-HIAA, free corticosterone, and behavioral activity were statistically evaluated by ANOVA with time as the within-subject factor and treatment as the between-subject factor. Also in this case, the number of levels for the within-subject factor time was reduced by averaging data into one baseline (8 values), one stress (1 value), and three poststress (4, 4, and 8 values, respectively) levels. Analyses using the means over distinct time periods yielded similar results as those including all time points (data not shown). If a significant interaction effect between two factors or a significant main effect for a factor was found in the ANOVA, post hoc tests with contrasts were performed to locate the differences between the factor levels exactly.
The effects of NBI 30775 on the area under the curve (AUC) of the stress-induced responses in 5-HT, 5-HIAA, and free corticosterone were statistically tested with Student's t-test. The effects of treatment with NBI 30775 on the intake of liquid diet and body weight gain were statistically evaluated using Student's t-test and ANOVA (with treatment as the between-subject factor and time as the within-subject factor), respectively. The consequences of chronic administration of NBI 30775 for behavior during forced swimming were analyzed with Student's t-tests.
Po0.05 was accepted as the level of significance. It was reduced according to the Bonferroni procedure for the post hoc contrasts to keep the probability of a type 1 error o5%. For the sake of clarity, the effect of the factors and their interactions (ANOVAs) are described in the text only.
RESULTS
Intake of NBI 30775 and Effect on Body Weight
Control mice (n ¼ 22) consumed 14.2 7 0.2 ml of the liquid diet daily. The intake of 14.3 7 0.2 ml liquid diet in the NBI 30775-treated (n ¼ 20) group (P40.05 as compared to control) resulted in a daily dose of 18.9 7 0.4 mg NBI 30775/ kg body weight. The long-term treatment with NBI 30775 had no effect on body weight (control group (n ¼ 22): start weight: 25.2 7 0.3 g, weight at the day of insertion of the probe: 26.6 7 0.4 g; NBI 30775-treated group (n ¼ 20): start weight: 25.2 7 0.4 g, weight at the day of insertion of the probe ( ¼ day 13 of treatment): 27.4 7 0.6 g; P40.05).
Effects of NBI 30775 on the Diurnal Rhythms of Free Corticosterone, Hippocampal 5-HT and 5-HIAA, and Behavioral Activity
Free corticosterone in dialysates showed a clear diurnal rhythm with low levels during the morning hours of the light phase and a marked increase starting at about 1300 (effect of time F(7,140) ¼ 87.1, Po0.0001; Figure 1a) . Maximum concentrations were reached at the onset of the dark period, after which a rapid return to levels similar to early morning levels within 60-90 min was observed. Free corticosterone continued to be low during the rest of the dark period. Long-term treatment of mice with NBI 30775 had no significant effect on the diurnal rhythm of free corticosterone (effect of treatment F(1,20) ¼ 2.9, P40.05; interaction between treatment and time F(7,140) ¼ 0.3, P40.05; Figure 1a) .
Hippocampal extracellular concentrations of 5-HT and its metabolite 5-HIAA also showed a clear diurnal rhythm with CRH-R1 antagonist effects on 5-HT and HPA axis activity A Oshima et al higher levels during the dark as compared to the light phase of the light-dark cycle (effect of time: 5-HT F(7,63) ¼ 4.1, P ¼ 0.001; 5-HIAA F(7,77) ¼ 19.9, Po0.0001; Figures 1b, c) . Long-term treatment with NBI 30775, however, did not significantly affect the diurnal rhythms of 5-HT and 5-HIAA (effect of treatment: 5-HT F(1,9) ¼ 3.1, P40.05; 5-HIAA F(1,11) ¼ 0.1, P40.05; interaction between treatment and time: 5-HT F(7,63) ¼ 0.6, P40.05; 5-HIAA F(7,77) ¼ 0.9, P40.05; Figures 1b, c) .
Behavioral activity in the home cage was scored between 0900 and 2300. Whereas the mice also showed some behavioral activity during the light period, a profound increase in activity was observed at the onset of the dark phase. NBI 30775 had, however, no effect on the diurnal rhythm of behavioral activity (effect of time: F(4,44) ¼ 41.2, Po0.0001; effect of treatment: F(1,11) ¼ 2.0, P40.05; interaction between treatment and time F(4,44) ¼ 1.6, P40.05; see Table 1 for mean behavioral activity during the light and the dark phase). Moreover, we have found no indication for a change in the pattern of behavior displayed in the home cage by NBI 30775 (data not shown).
Effect of NBI 30775 on Behavior during and after Forced Swimming
Mice showed a characteristic behavioral pattern during forced swimming (Table 2 ). During the first 1-2 min, the animals struggled and tried to escape from the glass beaker by making climbing movements against the wall. Then, animals were mainly floating (about 50% of the total time of the forced swim period) alternated with short periods of swimming (about 30% of the total time of the forced swim period). Long-term treatment with NBI 30775 had no significant effect on the behaviors displayed during forced swimming (Table 2) . 16.3 7 1.0, n ¼ 6 15.9 7 0.9, n ¼ 7
Mean behavioral activity during the dark phase (counts/h) 37.4 7 1.6, n ¼ 6 43.5 7 3.3, n ¼ 7
Behavioral activity during the first 60 min after swim stress (counts) 84.9 7 10.6, n ¼ 7 80.2 7 5.2, n ¼ 6
Grooming during the first 60 min after swim stress (counts) 46.6 7 3.3, n ¼ 7 45.1 7 1.9, n ¼ 6
Behavioral activity and grooming were scored from video tape in 1 min (first experimental day, diurnal rhythm) and 30 s (second experimental day, postswim stress) intervals. Maximal number of counts are 60 and 120 counts/h for diurnal and postswim stress behavior, respectively. Data represent mean 7 SEM. For results of the ANOVA analyses on the time courses, see Results. CRH-R1 antagonist effects on 5-HT and HPA axis activity A Oshima et al
After the forced swimming period, mice were dried with tissue paper and returned to their home cage. During the first 30-45 min after swimming, mice were mainly grooming to dry their fur. No effects of NBI 30775 on poststress behavioral activity were observed (effect of treatment on total behavioral activity F(1,11) ¼ 0.2, P40.05; on grooming F(1,11) ¼ 0.7, P40.05; see Table 1 for number of counts for behavioral activity and grooming during the first 60 min after swim stress).
Effects of NBI 30775 on Forced Swimming-Induced Changes in Free Corticosterone and Hippocampal 5-HT and 5-HIAA
Forced swimming for 10 min in water of 251C is clearly a stressful experience for mice, as indicated by the profound increase in free corticosterone (effect of time: F(4,48) ¼ 52.9, Po0.0001; Figure 2a ). Free corticosterone levels were significantly elevated as compared to baseline in the first sample and reached a maximum in the second sample after termination of forced swim stress (between 10-25 and 25-40 min after the onset of swimming, respectively). Then free corticosterone concentrations started to decrease, returning to baseline levels about 2 h after the stressful experience. No difference in the swim stress-induced increase in free corticosterone between control-and NBI 30775-treated mice was observed (effect of treatment: F(1,12) ¼ 1.0, P40.05; interaction between treatment and time: F(4,48) ¼ 1.7, P40.05; Figure 2a ). This conclusion is After measurement of baseline (0900-1100), mice were subjected to a 10-min forced swim stress (start 1100, indicated by the arrow; water temperature 251C). Microdialysates were collected in 15-min intervals (except for the forced swim period: 10-min interval). The time points on the x-axis correspond to the time of the day at which collection of the microdialysis sample was started. The dashes on the x-axis indicate that after 10-min forced swim stress, samples were collected in 15-min intervals again. The variations in prestress values of 5-HT and 5-HIAA are related to normal behavioral activity of the mice and were not statistically different between the two treatment groups. Baseline free corticosterone levels were around the detection limit of the assay (0.001 mg/dl) because only 30 ml dialysate (15-min sample) was available for the radioimmunoassay. Values represent mean+SEM (control group: n ¼ 8, 7, 7; NBI 30775 group: n ¼ 6, 6, 6 for figures a, b, and c, respectively). *Significant difference between control-and NBI 30775-treated mice. Forced swimming caused an immediate increase in hippocampal levels of 5-HT in control mice (Figure 2b ). After termination of the swim procedure, 5-HT levels continued to increase, reaching a maximum 15-30 min later. Then extracellular 5-HT concentration returned rapidly to baseline levels again. The swim stress-induced increase in hippocampal extracellular 5-HT was, however, significantly attenuated in NBI 30775-treated mice as compared to the control group (effect of treatment: F(1,11) ¼ 6.5, Po0.05; AUC control group: 3035 7 153, AUC NBI 30775 group: 2436 7 75% of baseline Â sample number, Po0.01; Figure 2b ). The forced swimming procedure also resulted in increased levels of hippocampal 5-HIAA reaching a peak between 30 and 45 min after completion of the stress procedure (Figure 2c ). Control-and NBI 30775-treated mice showed no differences in the maximum effect of swimming on hippocampal 5-HIAA. However, the effect of swim stress on 5-HIAA was significantly more prolonged in NBI 30775-treated animals as compared to the control group (interaction between treatment and time: F(4,44) ¼ 4.1, Po0.01; Figure 2c ). Thus, the AUC for the response of 5-HIAA to forced swimming was significantly higher in NBI 30775-as compared to control-treated mice (AUC control group: 1976 7 22, AUC NBI 30775 group: 2164 7 73% of baseline Â sample number, Po0.05).
DISCUSSION
Hippocampal extracellular concentrations of 5-HT and 5-HIAA show a clear diurnal rhythm with low levels during the light and elevated levels during the dark phase, the active period of rats and mice (Linthorst et al, 1994; Rueter and Jacobs, 1996; Peñalva et al, 2002) . Chronic NBI 30775 treatment had no significant effect on the diurnal levels of 5-HT and 5-HIAA in the hippocampus of C57Bl/6N mice. This may indicate that CRH-R1 plays no major role in hippocampal serotonergic neurotransmission under baseline (diurnal) conditions. At present, it is, however, not clear yet whether CRH itself represents an important mediator in the regulation of the diurnal rhythm of serotonergic neurotransmission. Recently, we reported that i.c.v. treatment with the nonspecific CRH-R antagonist DPhe-CRH 12-41 reduces hippocampal 5-HT in resting rats during the light period (Linthorst et al, 2002) . Moreover, intraperitoneal administration of the CRH-R1 antagonist CP-154,526 lowers dialysate levels of 5-HT in the rat hippocampus (Isogawa et al, 2000) . These effects are, however, relatively small (about 20%), pointing to the involvement of other, more prominent, regulators of diurnal hippocampal serotonergic neurotransmission.
There is now substantial neuroanatomical evidence for interactions between CRH and serotonin at the level of the raphe nuclei. CRH immunoreactivity has been shown in the dorsal and median raphe nucleus (Sakanaka et al, 1987; Swanson et al, 1983; Ruggiero et al, 1999; Kirby et al, 2000; Lowry et al, 2000; Valentino et al, 2001 ). CRH-R1 and CRH-R2 mRNA has been found in the raphe nuclei (Chalmers et al, 1995; Bittencourt and Sawchenko, 2000; Van Pett et al, 2000) and, importantly, a recent doublelabeling immunohistochemistry study demonstrates that tryptophan-hydroxylase immunoreactive neurons in the dorsal raphe nucleus also express CRH-R1 immunoreactivity (Lowry et al, 2002) . Interestingly, CRH-R immunoreactivity has also been described in GABAergic neurons in the dorsal raphe nucleus (Roche et al, 2003) . These observations put CRH in a unique position to regulate or modulate serotonergic responses to stress (directly or indirectly by influencing GABA neurotransmission). Indeed, it has been shown that administration of CRH (and Ucn) changes the discharge rate of 5-HT neurons (Kirby et al, 2000; Lowry et al, 2000) and the extracellular levels of 5-HT in the projection areas (Price et al, 1998; Price and Lucki, 2001; Linthorst et al, 2002) , albeit in a neuroanatomical and dose-specific manner. Stress also causes brain region-and stressor-specific changes in serotonin levels (see Chaouloff, 2000) . However, only few studies have attempted to assess the role of CRH and its receptors in stress-induced alterations in 5-HT. Recently, we have found a pronounced increase in hippocampal 5-HT levels in rats that dived during a forced swim stress paradigm. This effect depended on CRH-R, because it could be prevented by i.c.v. pretreatment of the animals with the CRH-R antagonist DPhe-CRH 12-41 (Linthorst et al, 2002) . D-Phe-CRH 12-41 also blocks swim stress-induced decreases in extracellular levels of 5-HT in the lateral septum of rats (Price et al, 2002) . In contrast, no role of CRH has been found in foot shock stress-induced changes in 5-HT turnover (Dunn, 2000) . In this study, we investigated the effect of chronic blockade of CRH-R1 with the antagonist NBI 30775 on swim stressinduced changes in hippocampal 5-HT. Forced swim stress at 251C increases hippocampal extracellular 5-HT levels in mice (in this study , and in rats (Linthorst et al, 2002) . NBI 30775 caused a significantly attenuated swim stress-induced increase in hippocampal 5-HT, indicating that stimulation of CRH-R1 may be necessary for an appropriate 5-HT response to swim stress. The forced swimming-induced maximum increase in hippocampal levels of the metabolite 5-HIAA was similar in control-and NBI 30775-treated mice. The antagonist group, however, showed a markedly prolonged poststress elevation of 5-HIAA levels as compared to the control group. This is an intriguing observation for several reasons: first, it shows that CRH-R1 may also play a role in stressinduced alterations in the metabolism of 5-HT. At present, the significance of extracellular levels of 5-HIAA is not yet fully resolved. Evidence has been accumulating showing that 5-HIAA levels in dialysates do not reflect the metabolism of 5-HT previously being released (Auerbach et al, 1989; Crespi et al, 1990; Wright et al, 1992; Linthorst et al, 1994 , Rueter et al, 1997 . Instead, extracellular 5-HIAA seems to be largely derived from metabolism of the spillover of newly synthesized, yet unreleased 5-HT, and hence may be regarded as an index for the level of synthesis of 5-HT within serotonergic neurons (see Grahame-Smith, 1974; Kuhn et al, 1986) . Thus, the prolonged increase in 5-HIAA in NBI 30775-treated animals may point to an enhanced poststress synthesis of 5-HT during chronic CRH-R1 blockade. Second, given the postulate that hypoactivity of CRH-R1 antagonist effects on 5-HT and HPA axis activity A Oshima et al 2154 the 5-HT system plays a key role in the etiology of major depression, this observation suggests that NBI 30775 could exert its therapeutical efficacy by preparing the 5-HT system for subsequent stressors by an enhancement of poststress synthesis of the neurotransmitter. The data presented here represent first evidence for altered responses of hippocampal serotonergic neurotransmission to stress after chronic treatment with a new compound with potential antidepressant and anxiolytic properties in humans. Comprehensive and systematic studies also implementing chronic treatment regimes with antidepressant drugs of other chemical classes affecting the 5-HT system (SSRIs, monoamine oxidase A inhibitors and the selective 5-HT reuptake enhancer tianeptine) are, however, urgently needed to clarify further the significance of alterations in the stress-responsiveness of 5-HT for the treatment of depression and/or anxiety. Importantly, such studies should also include a comparison between the effects of chronic administration of CRH-R1 antagonists and 'classical' antidepressants at the postsynaptic (5-HT receptors, second messengers) level. The exact neuroanatomical localization of the effects of NBI 30775 on stress-induced changes in serotonergic neurotransmission is still unclear. However, based on the presence of CRH fibers in the raphe nuclei (see above) and the recent description of CRH-R1-immunoreactivity in 5-HT neurons (Lowry et al, 2002) and of CRH-R-immunoreactivity in GABAergic interneurons in the dorsal raphe nucleus (Roche et al, 2003) , it may be speculated that the effects of NBI 30775 are generated at the level of the raphe nuclei. The present observations regarding serotonergic neurotransmission are in contrast with our findings in CRH-R1-deficient mice . In these mutant mice, hippocampal extracellular levels of 5-HIAA, but not of 5-HT, are elevated over the whole diurnal rhythm as compared to wild-type and heterozygous animals. Moreover, CRH-R1-deficient homozygous and heterozygous mice show an enhanced hippocampal 5-HT, but a normal 5-HIAA response, to forced swim stress. The discrepancies between a genetic and a pharmacological model of longterm reduction of CRH-R1 function may be related to differences at the level of the HPA axis (see also below). Whereas the diurnal rhythm of free corticosterone levels is normal in NBI 30775-treated mice, CRH-R1 mutant mice show undetectable levels of total plasma corticosterone (Timpl et al, 1998; Smith et al, 1998) and brain free corticosterone . There is now, mainly electrophysiological, evidence showing that glucocorticoids may play a role in the regulation of serotonergic neurotransmission (Laaris et al, 1995) . Adrenalectomy, however, exerts no major effects on the firing rate of 5-HT neurons (Laaris et al, 1995) and on tryptophan hydroxylase activity (Singh et al, 1990; Sze et al, 1976; Kizer et al, 1976) under basal conditions. Moreover, hippocampal extracellular levels of 5-HT and 5-HIAA are unchanged under resting (and CRH-stimulated) conditions in adrenalectomized rats (Linthorst et al, 2002) . Hence, based on the present evidence, the discrepant results between CRH-R1 antagonist-treated and CRH-R1-deficient mice cannot be satisfactorily explained by changes at the level of HPA axis hormones. Furthermore, it cannot be excluded, that life-long CRH-R1-deficiency may have caused compensatory mechanisms differing from those elicited by pharmacological CRH-R1 blockade for 15 days, for instance involving CRH-R2 or CRH/Ucn (see also discussion in Peñalva et al, 2002) .
Originally, forced swimming was selected as a stressor in our experiments, as it has been repeatedly demonstrated to be a strong activator of the HPA axis and hippocampal serotonergic neurotransmission (Timpl et al, 1998; Peñalva et al, 2002; Linthorst et al, 2002) . Nevertheless, given the principal role of the hippocampus in stress-related behavior and the widespread use of the Porsolt forced swim test in rats for the screening of drugs with putative antidepressant potential, analysis of the behavior during and after the forced swim paradigm could be of interest. In the Porsolt forced swim test, putative antidepressant substances cause, after repeated (three times) acute injection, reduced immobility in a swim retest situation (Porsolt et al, 1977b) . The test has also been adapted for mice using only one swim session (Porsolt et al, 1977a) . However, there is some doubt as to whether the classical Porsolt swim test can reliably detect putative antidepressants from all chemical classes, for instance from the selective serotonin reuptake inhibitors (Cryan et al, 2002) or reversible MAO-A inhibitors (Montkowski et al, 1995) . To overcome this problem, Lucki and coworkers introduced and validated a modified forced swim test in the rat with an alternative scoring paradigm implementing two active behaviors, that is, climbing and swimming behavior (Detke et al, 1995; Cryan et al, 2002) . The enhanced sensitivity of the rat modified forced swim test allows the detection of antidepressant properties of drugs directed to interfere with norepinephrine and serotonin. Here, we have adopted the scoring paradigm of the rat-modified test for use in mice, although it should be noted that the animals were chronically and not acutely treated with NBI 30775, and only one swim session was performed. Chronic treatment with NBI 30775 did not result in changes in climbing and swimming behavior displayed during forced swim stress, despite the reduced responsiveness of hippocampal 5-HT. Moreover, there was no significant effect of NBI 30775 on the amount of immobility (during the total 15 min of swimming), and also not when immobility was scored according to the classical mouse Porsolt paradigm (ie scoring during the last 4 min of a 6-min swim session; data not shown). In line with this observation, acute administration of the nonselective CRH-R antagonist alpha-helical-CRH has no effect on immobility in rats during a first and second swim session (Garcia-Lecumberri and Ambrosio, 1998) . In contrast, the CRH-R1 antagonist SSR125543A shows antidepressant characteristics in the standard rat Porsolt forced swim test (Griebel et al, 2002) . The reasons for the absence of antidepressant properties of NBI 30775 in our study are not clear. A very low dose of the drug is not likely to be the cause, because the dose used in this study, as well as lower doses, have been reported to exert anxiolytic effects in various tests in rats (Keck et al, 2001; Heinrichs et al, 2002; Gutman et al, 2003) . Moreover, as indicated by the changes in serotonergic neurotransmission reported here, NBI 30775 shows biological activity not only in rats but also in mice. This notion is further underlined by the observation that acute oral administration of NBI 30775 in mice induces selective anxiolytic effects, without changing locomotor activity, as indicated by a decreased avoidance towards an unprotected area in the modified hole board task (personal communication: Dr Frauke Ohl, Max Planck Institute of Psychiatry, Munich). It can be argued that the selected treatment regimen, that is, oral administration of NBI 30775 via the food, may underlie the absence of behavioral and neuroendocrine (see below) effects in the present study. However, treatment regimens in which drugs have been added to the drinking water or food have successfully been used to demonstrate the effects of various antidepressants on HPA axis regulation (see Reul et al, 1993 Reul et al, , 1994 Bachmann et al, 2003) . Although we did not study receptor occupation after chronic treatment with NBI 30775, a recent report by Gutman et al (2003) shows that even 8 h after acute intravenous administration of NBI 30775 (10 mg/kg body weight), 45% of CRH-R1 in the rat frontal cortex are still occupied by the antagonist. Moreover, binding of NBI 30775 to CRH-R1 was found to be dose-dependent. As a two-fold higher dose was administered in the present study and because clear effects on hippocampal serotonergic neurotransmission were found, we anticipate that a substantial number of CRH-R1 is occupied. Alternatively, it cannot be excluded that the forced swim test (standard or modified) in mice is not an appropriate paradigm for the screening of antidepressant potential of drugs interacting with the CRH system. Moreover, it should be emphasized that data on the validity of the forced swim test during chronic treatment paradigms are still limited. Nevertheless, our data suggest that hippocampal 5-HT is not a principal mediator of the behaviors displayed during forced swim stress.
Whereas CRH-R1 antagonists blunt stress-induced increases in plasma ACTH and corticosterone after acute administration (Arborelius et al, 2000; Keck et al, 2001; Heinrichs et al, 2002; Gutman et al, 2003) , chronic oral treatment with NBI 30775 had no consequences for HPA axis functioning. As compared to the control group, NBI 30775-treated mice showed a normal diurnal rhythm of free corticosterone and a similar response to swim stress. In accordance with these observations, Gutman et al (2003) recently reported that acute intravenous administration of NBI 30775 has no effects on basal plasma levels of ACTH and corticosterone in rats. Also in depressed patients, chronic oral treatment with NBI 30775, at dosages which have CNS effects, did not affect the HPA axis, as indicated by normal baseline and CRH-induced levels of ACTH and cortisol (Zobel et al, 2000) . In line with our findings, Arborelius et al (2000) showed that chronic treatment with the CRH-R1 antagonist CP-154,526 (subcutaneously via a miniosmotic pump) has no effect on basal plasma levels of ACTH and corticosterone in the rat. Moreover, airpuff startle induces a normal increase in ACTH and corticosterone (although the latter was somewhat prolonged) in CP-154,526-treated animals (Arborelius et al, 2000) . Chronic administration of the CP-154,526 analog antalarmin, by twice-daily intraperitoneal injection, also has no effects on stress (immobilization)-induced HPA axis activation (Wong et al, 1999) , although baseline levels of ACTH and corticosterone were reduced after 11 days (Bornstein et al, 1998) and 8 weeks (Wong et al, 1999) of treatment. These observations are rather surprising, given the critical requirement of CRH-R1 for HPA axis responses to stress (Timpl et al, 1998; Smith et al, 1998) and during the diurnal surge ; see also Reul and Holsboer, 2002) . Several explanations for the resistance of the HPA axis to chronic CRH-R1 antagonist administration may be considered. First, it cannot be excluded that the dose of NBI 30775 used (18.4 mg/kg/day) does not block all CRH-R1 in mice. A recent study at our Institute shows that acute injection of 20 mg/kg NBI 30775 largely displaces 125 I-oCRH binding to CRH-R1 in the brain of rats (Keck et al, 2001 ). This finding was confirmed by another study using 125 Isauvagine binding (Heinrichs et al, 2002) . However, with this dose, there may be a number of nonblocked CRH-R1 left at the level of the pituitary, sufficient to maintain normal HPA axis activity. The observation that acute injection of 20 mg/kg NBI 30775 in rats blunts, but not eliminates, stress-induced increases in ACTH and corticosterone (Keck et al, 2001; Heinrichs et al, 2002; Gutman et al, 2003) underscores this possibility. Second, because elevated levels of CRH are known to cause downregulation of CRH-R1 in the pituitary, it may be postulated that chronic blockade of CRH-R1 by NBI 30775 causes adaptations in receptor number and/or postreceptor mechanisms (see Aguilera et al, 2001) , possibly leading to a normalization of HPA axis performance. Third, compensatory mechanisms, for instance at the level of the ACTH secretagogue vasopressin, may have developed during the chronic treatment procedure. From a therapeutical point of view, the absence of a suppression of HPA axis activity by CRH-R1 antagonists, aimed for the treatment of psychiatric disorders, may be a favorable feature. Compromising HPA axis responsiveness may namely cause detrimental complications during stressful situations in which glucocorticoids are mandatory, such as infection and injury.
In summary, this study shows that chronic oral treatment with the CRH-R1 antagonist NBI 30775 was well-tolerated by mice. NBI 30775 caused no changes in food intake, body weight, and HPA axis functioning, but resulted in complex changes in hippocampal serotonergic neurotransmission. The prolonged poststress elevation of 5-HIAA levels suggests that treatment with NBI 30775 leads to adaptive changes in serotonergic neurotransmission (putatively synthesis), which may contribute to the proposed therapeutical (antidepressant, anxiolytic) efficacy of this class of psychopharmacological substances.
